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Abstract

Antimicrobial coatings are one of the most promising strategies to prevent bacterial infections

in orthopedic and dental implants. Combining antimicrobial agents with different antimicrobial
mechanisms might have synergistic effects and be more potent. Others have shown that
nanocomposites of silver nanoparticles (AgNPs) decorated with antimicrobial peptides (AMPS)
show increased potency as free agents in solution. However, similar nanocomposites have not been
explored to coat biomaterials through cooperative weak electrostatic attraction forces between
AMP, AgNPs and substrates in need of protection against infection. In this work, we synthesized
self-assembled antimicrobial amphiphiles of an AMP, GL13K. Then, we decorated the AMP
nanostructures with AgNPs, which were finally used to coat etched Ti (eTi) surfaces. The strong
hydrogen bonding between the AMP amphiphiles and the polar eTi yielded a robust and stable
coating. When compared to single AgNP or single AMP coatings, our hybrid nanocoatings

had notably higher /n vitro antimicrobial potency against multiple bacteria strains related to
implant infection. The hybrid coating also showed relevant antimicrobial activity in an /n

vivo subcutaneous infection model in rats. This work advances the application of AgNP/AMP
nanocomposites as effective coatings for prevention of implant infections.

Statement of significance—High morbidity, mortality and elevated costs are associated with
orthopedic and dental implant infections. Conventional antibiotic treatment is ineffective due to
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barrier-like extracellular polysaccharide substances in biofilms and the increasing threat from
antibiotic resistance. Antimicrobial coatings are one of the most promising strategies, but the
performance is usually unsatisfactory, especially when tested 7 vivo. Here, we present a hybrid
nanocoating with different modes of action to prevent implant infections using self-assembled
antimicrobial peptide (AMP) amphiphiles decorated with silver nanoparticles (AgNPs). When
compared to single AgNP or AMP coatings, our hybrid nanocoatings showed significant increases
in antimicrobial potency against multiple implant infection-related bacterial strains /n vitroand in

an /n vivo rat subcutaneous infection model.
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1. Introduction

Bacterial infection is one of the main causes for orthopedic and dental implant failures.
[1-5] Resistogram-compliant antibiotic therapy is ineffective due to barrier-like extracellular
polymeric substances in biofilms and the increasing threat from antibiotic resistance.[6]
Surface modifications, including coatings on titanium (Ti) implants with antimicrobial
agents have been demonstrated as one of the most effective strategies to prevent bacterial
adhesion and/or kill colonized bacteria.[7-9] Different types of coatings have been
extensively explored in previous studies, including metal ions and nanoparticles,[10-12]
antibiotics,[13,14] antimicrobial peptides (AMPs),[15-17] and cationic polymers.[18,19]
Three main antimicrobial mechanisms apply to these coatings: controlled release of
antimicrobial agents, contact killing, and anti-adhesion/antifouling. Although these coatings
showed great antimicrobial efficiency /in vitro, most of their /n vivo responses were
inevitably inhibited due to the complex environment of implant associated infections, such
as multi-strain biofilms and the degradation of antimicrobial agents.[7] Other concerns

with current coating technologies include chemical and mechanical stability, scalability, and

toxicity.[8]

Combinations of antimicrobial agents and/or methods for their application have not
translated into a more effective antimicrobial coating in many cases. For example, the
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combination of chitosan and silver in a coating showed no better /n vivo activity than the
chitosan-only coating.[20] A more promising strategy is to combine antimicrobial agents
and/or methods for their application with distinct killing mechanisms for synergistic effects,
such as the combinations of antibiotic/silver nanoparticle (AgNP),[21] AMP/metal ion,

[22] photodynamic therapy/AgNP,[23] or photodynamic/photothermal therapies.[24] These
synergistic interactions can be based on antimicrobial agents with different bacterial targets
and/or agents that could potentiate the activity of each other. Previous work applying multi-
agent coatings focused on incorporating functionalities other than antimicrobial, such as
osteogenesis,[25,26] angiogenesis,[27] or both,[28,29] but the antimicrobial activity itself
was not improved compared to that obtained by applying single agent coatings.

AMP and AgNP nanocomposites have shown promising results as antimicrobial agents

with enhanced efficacy in solution.[30-33] The potentiated antimicrobial efficacy mainly
relied on the permeabilization of the bacterial membrane by AMPs to facilitate silver access
to bacterial internal targets.[31] Previous AMP/AgNP combinations were based on the
electrostatic attraction or covalent conjugation of single AMPs onto AgNP surfaces. Such
AMP/AgNP combinations were exploited only as free antimicrobial agents and not coatings
given that when AgNPs, which are negatively charged, are combined with AMPs, which are
mostly positively charged, the AgNPs overall surface charge is notably neutralized, which in
turn hinders electrostatic interactions with charged substrates.

To develop a stable and active coating we designed a hybrid nanocoating made of AgNPs
decorating self-assembled AMP nanostructures (Scheme 1). GL13K, the AMP we used

in this study, self-assembles in alkaline solution to form nanoribbons, a key structural
feature for its antimicrobial activity and strong affinity to hydrophilic substrates.[34-36]
GL13K coatings alone are stable and antimicrobial against both Gram-positive and Gram-
negative pathogenic bacteria and biofilms on hydrophilic substrates, including titanium,
mineralized collagen, dentinal tissue, and polysaccharide membranes.[37-41] Introducing
negatively charged AgNPs onto positively charged AMP amphiphiles significantly reduces
the electrostatic attraction between AMP amphiphiles and substrates. However, the self-
assembled AMP/AgNP complexes in this work are expected to form stable coatings, as
our previous work demonstrated that the dominant forces between AMP amphiphiles and
polar substrates (e.g., Ti) were hydrophilic interactions via hydrogen bonding, but not strong
electrostatic attraction.[35] This unique coating strategy circumvents previous challenges
to coat AMP-decorated AgNPs, which mainly relied on the electrostatic interactions
between AMP-decorated AgNPs and substrates. Our goal was to obtain a synergistic
antimicrobial effect of AMPs and AgNPs in this nanocoating by combining short and
long-distance antimicrobial effects, that is, killing of bacteria by direct contact with the
surface-immobilized AMPs and potency by the released silver against bacteria in biofilms
away from the implant surface.

Materials and methods

Materials

Silver nitrate, sodium citrate, sucrose, sodium tetraborate, and sodium hydroxide were
purchased from MilliporeSigma (Burlington, MA, USA). GL13K (GKIKLKASLKLL-
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NH,) with molecular weight (MW) of 1424 g/mol and purity >98% was purchased

from AAPPTec, LLC (Louisville, KY, USA). GL13K with all d-amino acids (dGL13K,
Gkiiklkaslkll- NH,) with purity >98% was purchased from Bankpeptide, Ltd (Hefei,
Anhui, China). Commercially pure Titanium Grade Il discs (@6 mm) were purchased from
McMaster-Carr (Robbinsville, NJ, USA).

2.2. Fabrication of AgNPs

AgNPs were synthesized by the modified Turkevich method.[42] Briefly, 500 mL of 1 mM
silver nitrate solution was heated to near boiling and kept at 93-94 °C in a water bath. Then,
10 mL of 250 mM sodium citrate solution was added dropwise to the silver nitrate solution
with stirring. When the mixed solution turned grayish yellow, it indicated the formation

of AgNPs. After 10 min, the solution was cooled down to room temperature (RT, 20-25

°C) and centrifuged at 35,280 RCF for 4x30 min to collect the highest amount possible of
AgNPs in the pellet. The collected pellet was washed three times by carefully removing the
supernatant, resuspending AgNPs in deionized (DI) water with resistivity of 18.2 MQ-cm
(Milli-Q system, MilliporeSigma, Burlington, MA, USA), and centrifuging at 2,380 RCF for
10 min. The final resuspended AgNP solution was diluted to ODy4yq of 2.9. Afterwards, 10
wt% sucrose was added to the AgNP solution as a cryo-protector and mixed by stirring for

2 h.[43] The AgNP-sucrose cake was obtained after lyophilization and weighted to calculate
the weight percentage of AgNPs in the cake. The AgNP-sucrose cake was stored at —20 °C
before use.

2.3. Preparation of nanocoatings

A stock solution of 100 mg/mL GL13K was prepared in DI water and vortexed to aid
dissolution of all peptides. Borax-NaOH buffer at pH 9.8 was prepared by mixing a 0.025
M borax solution and a 0.1 M NaOH solution. The self-assembly of GL13K was triggered
by adding 10 uL of the stock solution into 990 L of the pH 9.8 borax-NaOH buffer to a
final concentration of 1 mg/mL GL13K, either without AgNPs or with AgNPs to form the
AgNP-GL13K complexes. The aforementioned solutions were stored at 4 °C or RT for 4
days to complete the peptide self-assembling before further characterizations or usage.

Ti discs were ground with 320-grit SiC disks (Buehler, Lake Bluff, IL, USA), polished
with 9-um MetaDi Supreme polycrystalline diamond suspension (Buehler, Lake Bluff, IL,
USA) and 0.02-pm MasterMet 2 silica suspension (Buehler, Lake Bluff, IL, USA), etched
by 5 M NaOH at 60 °C overnight, rinsed gently with DI water, dried with nitrogen, and
immediately used to be coated. The etched Ti (eTi) discs were incubated in the AgNP
solutions at 0.2 mg/mL, 1 mg/mL, and 5 mg/mL at RT overnight (12-18 h), referred to as
0.2Ag, 1Ag, and 5Aqg, respectively. The estimated number of particles per total volume of
solution were 3.9*101°, 2.0%1016, 9.8*1016 mL~1, respectively (average particle diameter,
from TEM analysis, of 2.1 nm, silver density of 10.5 g/cm3). The eTi discs were incubated
in the GL13K solution or the AgNP-GL 13K solutions at 4 °C or RT overnight, referred to
as GL/4C, 0.2Ag-GL/4AC, 1Ag-GL/4C, and 5Ag-GL/4C for the ones at 4 °C and GL/RT,
0.2Ag-GL/RT, 1Ag-GL/RT, and 5Ag-GL/RT for the ones at RT. The groups coated with
dGL13K or AgNP-dGL 13K were referred to as dGL/4C or 0.2Ag-dGL/4C. The coated eTi

Acta Biomater. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ye et al. Page 5

discs were rinsed with DI water, dried with nitrogen, and stored in a vacuum desiccator for
further experiments.

2.4. Materials characterizations

2.4.1 Transmission electron microscopy (TEM)—Lyophilized AgNP-sucrose cake
was dissolved in DI water to prepare a 1 mg/mL AgNP solution. A droplet of the AgNP
solution was dispersed on a glass slide. A negatively charged copper grid with a carbon film
was placed on the water-air interface and was kept floating on the surface for 10 min to
collect AgNPs. TEM samples of GL13K were prepared by dispersing 3 uL of the GL13K
solutions onto a negatively charged copper grid with a carbon film, followed by negative
staining with 0.75% uranyl formate. The AQNP+GL13K complex was not stained. TEM was
performed using a FEI Tecnai G2 F30 (Hillsboro, Oregon, USA) at an accelerating voltage
of 300 kV.

2.4.2 Dynamic light scattering (DLS) and zeta potential measurement—The
AgNP solutions at a concentration of 0.2 mg/mL were prepared in DI water or the borax-
NaOH buffer. Hydrodynamic diameter and zeta potential of AgNPs were measured by

the Nanoflex 180° DLS system in a glass bottle and the Stabino particle charge titration
analyzer using a PTFE chamber and a PTFE piston setup including a pH probe, respectively
(Microtrac, Meerbusch, Germany). To perform the titration, the AgNP solution in borax-
NaOH was first brought to pH 11 using a 0.1 N NaOH solution. Then it was followed by a
system controlled addition of a 0.1 N HCI solution to complete the titration of zeta potential
at the pH range of 11 to 2.

2.4.3 Circular Dichroism (CD)—CD samples were prepared by adding 200 uL of the
GL13K solutions into a quartz cuvette with a 1 mm path-length. CD spectra were monitored
with a Jasco J-815 CD spectrometer (Easton, MD, USA) at RT. The CD signal was collected
over a wavelength range of 190 nm to 260 nm with a data pitch of 1.0 nm, a scanning

speed of 50 nm/min and a response time of 2 s. All measurements were corrected by
subtracting the buffer spectrum and were obtained by the average of three scans. Estimations
for secondary structure contents were obtained from further analysis of CD spectra using the
BeStSel (Beta Structure Selection) method (http://bestsel.elte.hu/).[44]

2.4.4 Scanning electron microscopy (SEM)—The morphology of etched titanium
(eTi) was imaged with a field-emission SEM (Hitachi SU8230, Tokyo, Japan) at an
accelerating voltage of 3 kV. The specimen was sputter-coated with a 5 nm-thick iridium
layer.

2.4.5 X-ray photoelectron spectroscopy (XPS)—A PHI 5000 Versa Probe |11
(ULVAC Inc, Kanagawa, Japan) XPS with a monochromatic Al Ka X-ray source (45°,
1486.6 eV, 50 W, sampling area: 200 pm diameter) was used to determine the elemental
composition of the uncoated and coated eTi under ultra-high vacuum (1078 Pa). All eTi
discs were gently dried with a nitrogen stream and stored in a vacuum desiccator overnight
before XPS analysis. Survey spectra were collected at 0-1100 eV using a pass energy of
280 eV with a step size of 1.0 eV. Three samples were scanned per group while each
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sample was measured in 4 different locations with 15 scans per location. Peak fitting and
semi-quantification of surface elemental composition were performed in MultiPak (PHI,
ULVAC Inc, Kanagawa, Japan).

2.4.6 Water contact angle (WCA) measurement—WCA measurement was used

to evaluate the hydrophobicity of the sample surfaces coated with AgNP, GL13K, or
AgNP-GL13K. The measurements were performed with the sessile drop method with a
contact angle goniometer (DM-CE1, Kyowa Interface Science, Japan) and FAMAS software
(Kyowa Interface Science, Japan). A 1.5 pL droplet of DI water was deposited on the tested
surface with a tracking time of 60 s. Three samples were measured per group.

In vitro antimicrobial test

2.5.1 Bacterial culture—Antimicrobial activity was first evaluated against
Streptococcus gordonii M5, a primary colonizer in oral biofilms. S. gordonii was inoculated
on a brain heart infusion (BHI) agar plate in an aerobic incubator at 37 °C for 48 h.
Afterwards, 3-5 colonies were picked and incubated in Todd-Hewitt broth (THB) in an
aerobic incubator at 37 °C and 150 rpm until OD600 of 0.20. MRSA and P, aeruginosa
(ATCC 27853) were isolated from patients by The First Affiliated Hospital of Nanchang
University and inoculated on a blood agar plate in an aerobic incubator at 37°C for 24 h.
Afterwards, 3-5 colonies of MRSA or £ aeruginosa were picked and incubated in 7.5%
NaCl broth or BHI broth, respectively, in an aerobic incubator at 37°C and 150 rpm until
ODgoo of 0.20.

2.5.2 Antimicrobial test in quasi-static condition—Noncoated and coated eTi discs
were sterilized by UV light for 20 min on each side and conditioned with 1 mL culturing
medium at 37 °C for 30 min. The bacterial solutions (S. gordonii, MRSA, or P. aeruginosa)
were diluted to ODgqg of 0.02 (2x107, 2x106, 2x107 CFU/mL, respectively) in culture media
(THB, 7.5% NaCl, and BHI, respectively) and added to each well to replace the medium.
Samples were incubated at 37 °C and 150 rpm aerobically for 6 h. Two eTi discs were
placed in medium without bacteria as a control. After 6 h incubation, samples were gently
rinsed with 1x phosphate buffer saline (PBS) twice to remove the loosely attached bacteria
before characterizations. Three independent experiments were conducted for each bacterial
strain.

2.5.3 Antimicrobial test in a bioreactor—A drip flow bioreactor (Figure S4) was
used as a model to simulate oral conditions. Four groups (eTi, 0.2Ag, GL/4C, and 0.2Ag-
GL/4C) with 6 samples in each group were placed into four separate channels. All samples
were first incubated in S. gordonii solution with ODggq of 0.02 for 6 h following the

same method of static biofilm culturing. Afterwards, the samples were transferred into

the bioreactor and continually cultured in medium (no bacteria) with a flow speed of 0.3
mL/min at 37 °C for 48 h. The bioreactor channels were put on a 10° inclined base to let the
dripped medium flow over the samples.

2.5.4 ATP bioluminescence assay—Viable bacteria on samples after the 6 h
incubation were quantified with the BacTiter-GloTM Microbial Cell Viability Assay
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(Promega, Madison, WI, USA). After washed with 1xPBS, the samples were transferred

to a new 48-well plate with an equal volume (200 uL) of the BacTiter-GloTM reagent and
1xPBS in each well. After incubating in dark for 5 min, 200 pL of the mixed solution

was transferred into a black 96-well plate and measured with a microplate reader (BioTek,
Winooski, VT, USA). Luminescence intensities were normalized to the average intensity of
uncoated eTi samples in each experiment. Each experiment included four samples per group
and was repeated in triplicate.

2.5.5 Colony forming units (CFU)—Bacteria on eTi surfaces were collected by
cavitron ultrasonication for 90 s, followed by vortexing and sonication for 3x30 s each in ice
bath. 100 pL of the collected bacterial solution was serially diluted by 10-10,000 folds. Then
100 pL of each dilution was plated on BHI agar plates and incubated aerobically at 37 °C for
48 h. After the colonies formed, the number of CFU was counted. CFUs were normalized to
the average CFU of uncoated eTi samples in each of the three replicates (9.23+1.06 x 10%,
8.07+0.90 x 10°, and 4.42+1.72 x 10°). Each replicate included four samples per group.

2.5.6 LIVE/DEAD fluorescent microscopy—A LIVE/DEAD assay was performed
to visualize bacterial viability and biofilm formation on 6 groups of samples (eTi, 0.2Ag,
GL/4C, GL/RT, 0.2Ag-GL/4C, and 0.2Ag-GL/RT). The staining solution was prepared

by mixing 3 uL of SYTO®9 and 3 L of propidium iodide in 1 mL of 1xPBS (LIVE/
DEAD® BacLight™ Bacterial Viability Kit, Invitrogen, Carlsbad, CA, USA). Micrographs
were obtained with a confocal laser scanning microscope (CLSM; FluoView BX2 FV1000,
Olympus, Tokyo, Japan) at x20 magnification (UPLASPO objective, NA=0.85). All CLSM
settings were the same across all samples. Fiji-ImageJ (NIH, https://imagej.net/Fiji) was
used for micrograph analysis. Three micrographs were taken per sample at arbitrarily
selected locations, with each group of three samples.

In vitro cytotoxicity test

2.6.1 Culture of human bone marrow-derived mesenchymal stromal cells
(hBMSCs)—hBMSCs were used to evaluate the cytotoxicity of various coatings. h(BMSCs
were kindly provided by Prof. Jakub Tolar’s lab (University of Minnesota, IRB exempt)

and maintained in basic fibroblast growth factor (1 ng/mL) and 10% fetal bovine serum
supplemented a.-minimum essential medium at 37 °C in a 5% CO? humidified incubator.
The medium was refreshed every third day. Passage 4 cells were used for cytocompatibility
assessment of differently coated samples. Cells were passaged and plated on sample surfaces
at a density of 10,000 cells/cm? in 300 uL medium and cultured for 2 days and 5 days.

Cell metabolic activity was assessed at 2 and 5 days in culture and cell morphology was
determined at 5 days in culture.

2.6.2 CCK-8 assay—CCK-8 assay (Cell Counting Kit-8, Dojindo, USA) was performed
to determine cellular metabolic activity, following the manufacturer’s instruction. Briefly, at
each time point, medium was replaced with fresh medium containing 10% CCK-8 reagent
and cells were incubated for additional 2 h. The reduction of the CCK-8 reagent was
quantified colorimetrically by measuring absorbance at 450 nm with a microplate reader
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(BioTek, Winooski, VT, USA). The absorbance measured for each group was normalized
against uncoated eTi.

2.6.3 Immunofluorescence microscopy—At pre-determined time points,
immunofluorescence staining against F-actin was performed. Cells were washed with 1x
PBS after which they were fixed in 4% paraformaldehyde for 10 min and then permeabilized
using 0.25% Triton X-100. Actin filaments were stained using Phalloidin-TRITC (A12381,
1:500, Thermo Fisher Scientific, Waltham, MA, USA) for 1 h and Hoechst 33342 (H3570,
1:1000, Thermo Fisher Scientific) was used to counterstain cell nuclei for 10 min in dark

at RT. Samples were washed three times with 1x PBS and imaged with a Leica DM6 B
fluorescent microscope (Wetzlar, Germany).

In vivo antimicrobial test

Sprague Dawley male rats at 6 weeks (weight 200+£10 g) were obtained from Hunan SJA
Laboratory Animal Co., Ltd (Changsha, Hunan, China). The experiment was reviewed and
approved by the Ethics Committee of Nanchang University, China (2020-012). Animals
were anaesthetized with Ketamine/Xylazine (60:8 mg/kg) intra-peritoneally and given
analgesia with Buprenorphine (0.1 mg/kg) subcutaneous injection. The flanks were shaved,
and the skin was disinfected with 3% iodine tincture and 75% alcohol. An incision was
made parallel to the spine extending to the subdermal fascia. Using an aseptic technique,
four groups of sterilized samples (eTi, 0.2Ag, dGL/4C, 0.2Ag-dGL/4C) were inserted into
the subcutaneous pocket. Then, 100 pL of 108 CFU/mL MRSA bacterial suspension was
injected into the subcutaneous pocket around the sample and the wound was sewed up
subsequently. The animals were examined 1 h and 2 h post-surgery to ensure recovery
from anesthesia and given normal food and water. Rats were sacrificed at the 4th day after
implantation of the Ti discs. The Ti discs were carefully removed from each implantation
site and separately immersed in 1 mL of PBS for CFU counting and LIVE/DEAD
imaging. The tissues surrounding the Ti discs were extracted and fixed in 10% formalin
for hematoxylin and eosin (H&E) staining.

2.8. Statistical Analysis

Statistical analysis was performed with SPSS software (version 17.0, SPSS Inc., Chicago,
USA). When variances were tested unequal using the Levene’s test, that is for the /n vitro
and /n vivo antimicrobial tests, a one-way ANOVA with Dunnett T3 post hoc test was

used to determine statistically significant differences between groups (p-value<0.05). When
variances were tested equal using the Levene’s test, that is for the WCA and CCK-8 assay
tests, a one-way ANOVA with Tuckey post hoc test was used to determine statistically
significant differences between groups (p-value<0.05).

3. Results and discussion

3.1 AgNP-GL13K complexes in solution

AgNPs were produced by reduction of silver nitrate. Citrate was used as reductant,
complexant, and stabilizer to collectively control size (i.e., 2-4 nm in diameter) and shape
(i.e., spherical) of the obtained silver nanocrystallites (Figure 1a).[45] The narrow size
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distribution assessed by dynamic light scattering (DLS) confirmed the uniformity and
stability of AgNPs in both DI water and the pH 9.8 buffer used for production of AgNP-
GL13K complexes in solution (Figure 1b). The high negative value of the AgNPs (zeta
potential <-55 mV) at alkaline pH provided the necessary electrostatic repulsion between
AgNPs to maintain a stable colloidal suspension (Figure 1c).

As previously shown, the self-assembly of GL13K was triggered by the neutralization of
the peptide positive charges at pH=9.6.[34] Here, we further discovered that the peptide
incubation temperature influenced the nanostructures and the secondary structures of the
self-assembled peptides (Figure 1d-h). When incubated at 4 °C, GL13K formed bundled
nanofibrils with a thickness of 10-40 nm and a length as high as a few microns; at

room temperature (RT), there were additional 10-50 nm irregular-shaped aggregates formed
around the nanofibrils. This indicated that a lower temperature enabled a higher control over
the bundled nanofibrils self-assembly process. Though the CD spectra were significantly
different at the two temperatures, the secondary structure compositions estimated by the
BeStSel method (http://bestsel.elte.hu) revealed a similar percentage of p-sheet (26.9% at 4
°C vs. 26.0% at RT, Figure 1i) and other main secondary structures (Figure S1). Differences
in the CD signal were associated with the orientation of the p-sheet structures as antiparallel
B-sheets were formed at 4 °C, whereas mostly parallel B-sheets were formed at RT. With
significantly lower minimized energies, antiparallel f-sheets are thermodynamically more
stable than parallel p-sheets.[46] Thus, GL13K peptides at the lower temperature (i.e., 4
°C) self assembled in a more stable (i.e., antiparallel B-sheets) and more controlled (without
aggregates) configuration. The presence of the AgNPs, on the other hand, reduced the
overall B-sheet percentage in the GL13K fibrils formed, which was more significant at

4 °C, where a reduction of the antiparallel B-sheets was assessed. These results suggest

that the AgNPs might influence the stability of the antimicrobial self-assemblies formed.
When GL13K was incubated with AgNPs both at 4 °C and RT, complexes of similar
self-assembled nanostructures were formed and decorated with AgNPs (dark areas in the
non-stained TEM images, Figure 1f, 1g). The peptide secondary structures (Figure 1h, 1i,
Figure S1) were similar to that of GL13K alone at 4°C and RT, respectively. This indicated
that the presence of AgNPs in solution did not interfere with the GL13K self-assembly
process. In the mixture solutions, electrostatic attraction between the negatively charged
AgNPs and the positively charged self-assembled peptides drove the formation of the AgNP-
GL13K complexes. It is noted that a large portion of the self-assembled GL13K was not
covered by AgNPs, which preserved the strong affinity with the etched Ti surfaces in the
following coating process.

3.2 Hybrid nanocoatings on etched titanium

Titanium discs were etched in alkaline solution to activate the surface and increase the
surface area to obtain a nanostructured surface topography (Figure S2). The etched Ti (eTi)
discs were coated by immersion in solutions with three different compositions: AgNPs,
self-assembled GL13K, or AgNP-GL13K complexes. To study the effect of the AgNP/
GL13K ratio on the coating, we fixed the GL13K concentration at 1 mg/mL (GL) and
varied the AgNP concentrations at 0.2, 1, and 5 mg/mL (0.2Ag, 1Ag, and 5Ag). As the
incubation temperature influenced the GL13K self-assembled structures, we also tested eTi
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after immersion in all coating solutions at either 4 °C or RT (for example, 0.2Ag-GL/4C
wherein 0.2 mg/mL AgNP was complexed with 1 mg/mL GL13K at 4 °C).

The surface elemental composition of the coated samples was analyzed by X-ray
photoelectron spectroscopy (XPS, Figure 2a, Table 1). The non-coated eTi surfaces showed
characteristic Ti2p, C1s, and O1s peaks, which totaled more than 90% of their atomic
composition. Additional Nals was detected on the NaOH-etched control surfaces. The Ag3d
peaks were detected in all coatings of AgNPs or AQNP-GL 13K hybrid coatings and the N1s
peak was detected in all GL13K or AgNP-GL13K coatings, confirming the presence of the
antimicrobial nanoparticles and/or peptides, respectively. The relative atomic percentage of
Ag was substantially smaller (0.2-2.5%) in coatings with AgNPs than for N (9.1-11.9%)

in coatings with GL13K peptides, which is expected as each GL13K molecule contains

18 nitrogen atoms. In other words, the quantity of the Ag atom was comparable to the
GL13K molecule in the coatings. The relatively low dose of Ag might reduce the risk of
cytotoxicity, which has been the most common limitation for using Ag as an antimicrobial
agent.[47] Ag/Ti and N/Ti ratios further revealed that the relative composition of the
different coatings was not significantly affected by synthesis conditions for both coatings
with only one antimicrobial agent (AgNP or GL13K) and hybrid AgNPs-GL13K coatings.
The only exception was the notably higher amount of silver in 5Ag coatings than in 0.2Ag
and 1Ag coatings, which was probably due to AgNP aggregation in the solution with the
larger concentration of AgNPs. The reduced total surface area of the aggregated AgNPs can
be detrimental for their release efficacy and activity, but the close Ag/Ti ratios (0.02-0.04)
for all hybrid coatings suggests that the nanoparticles did not aggregate in any of the hybrid
coatings (Table 1). Notably, the morphological differences of the self-assembled peptide
structures observed at different incubation temperatures did not affect the final composition
of GL13K or AgNP-GL 13K coatings.

The noncoated eTi surfaces were highly hydrophilic with water contact angle (WCA) <10°
as a result of the hydroxyl functionalization from the alkaline etching (Figure 2b). The
coatings of AgNPs did not significantly change the hydrophobicity except a small WCA
increase in the 5Ag group, which further supported the aggregation of AgNPs in this
coating. In comparison, the GL13K or AgNP-GL13K hybrid coatings highly increased the
hydrophobicity (WCA = 90-100°), irrespective of the incubation temperature or the AgNP
concentration during synthesizing. We have previously described that, as an amphipathic
peptide, GL13K self-assembles to supramolecular amphiphiles with the hydrophilic residues
physically bonded to the hydrophilic eTi surface and the hydrophobic regions facing toward
the solid-liquid interface.[35] Although coatings containing GL13K peptides significantly
increase surface hydrophobicity, GL13K-coated implant osteointegration was not negatively
affected in a rabbit model.[48]

In vitro antimicrobial activity and cytocompatibility

We first screened the antimicrobial activity of all nanocoatings against the Gram-positive
Streptococcus gordonii, a primary colonizer of oral surfaces.[49] Using two quantitative
methods, i.e., colony forming unit (CFU) counting and ATP assay, we assessed the viability
and vitality of bacteria in the biofilms formed on surfaces after 6 h bacterial incubation.
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All the hybrid AgNP-GL13K coated groups showed remarkably reduced viable bacteria
retention compared to the noncoated Ti surface (Figure 3a, 3b). In comparison, the
antimicrobial activity of the groups with a single coating (AgNPs or GL13K) was not as
effective as the hybrid AgNP-GL13K coating. As the varying AgNP concentrations did not
affect the antimicrobial activity, only the lowest Ag concentration (0.2Ag) was used in the
following experimentation to minimize potential cytotoxic effects. Among the six selected
groups (eTi, 0.2Ag, GL/4C, GL/RT, 0.2Ag-GL/4C, and 0.2Ag-GL/RT) for LIVE/DEAD
assays, only the groups with the hybrid AgNP-GL13K coatings showed a large portion

of bacteria with compromised membrane (red fluorescence), whereas the other groups

had mostly viable bacteria (green fluorescence, Figure S3). This further demonstrated

the enhanced antimicrobial efficiency of hybrid versus single-component coatings. The
cytocompatibility of the nanocoatings was assessed by directly culturing mesenchymal
stromal cells (MSCs) on coated-Ti and control non-coated eTi discs. Cellular responses were
determined by assessing cell viability and cell morphology. No significant differences were
observed between the differently coated surfaces and the noncoated eTi at both 2 and 5 days
in culture (Figure 4a). MSCs exhibited spindle-shaped morphology with well-organized
cytoskeletal structures in all groups (Figure 4b). These results indicated that both the hybrid
coatings and the single coatings support cell spreading, growth and proliferation to the
same extent as noncoated surfaces. Overall, the synthesis temperature (4 °C or RT) did not
significantly affect the cytocompatibility of the coatings, but coatings made with peptide
solutions at 4°C with the lowest concentration of AgNP showed the statistical significantly
highest antimicrobial potency (Figure 3a, 3b). Thus, we performed further antimicrobial
experimentation only on coatings prepared at 4 °C.

Biofluid, like oral saliva, flowing over a coating on an implant is persistent, applies
continuous shear forces, and supplies sustained nutrition to bacteria. This accelerates
bacteria metabolism and biofilm growth.[50] To further test the antimicrobial properties

of our hybrid coatings under experimental conditions that recapitulate conditions in the

oral environment, we used a drip-flow bioreactor with media flow rates simulating salivary
flow on S. gordoniibiofilms (Figure S4).[51] All samples for each group were placed in

an independent channel to avoid contamination from antimicrobial agents released from
samples with other coatings. The antimicrobial activity was compared using a LIVE/DEAD
assay after 48 h. Generally, the biofilm grew thicker and contained more viable bacteria

on the samples placed on the top (Position 1-3) compared to the samples placed on the
bottom of each channel (Position 4-6, Figure S5). As biofilms grow differently at the
biofilm/air and biofilm/liquid interfaces, we attributed the difference in biofilms grown on
different positions of each channel to the fact that the samples in the top positions were fully
submerged in medium for all the period of experimentation, whereas the samples located

in the lower positions of the channel had areas exposed to air during some stages of the
experiment. We thus, limited our analyses, shown in Figure 3c, of comparative effects of
the different coatings for samples in Position 2 for each channel, where the biofilm grown
was the most robust and homogeneous. Only a small portion of dead bacteria was observed
on the antimicrobial coatings with a single antimicrobial component (AgNP or GL13K).

In comparison, a large portion of dead bacteria was observed on the hybrid AgNP-GL13K
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coated surface. Similar trends were also observed in the other positions of the channels
(Figure S5).

Two of the most common pathogens associated with orthopedic implant infections, i.e.,
Gram-positive methicillin resistant Staphylococcus aureus (MRSA) and Gram-negative
Pseudomonas aeruginosa, were used here to assess and extend the potential application

of the coatings to orthopedic implants and devices. We also used a D-enantiomer of GL13K
(dGL13K) to further enhance the antimicrobial activity of the coatings with either the
peptides (dGL/4C) or the AQNP-dGL 13K composites (0.2Ag-dGL/4C). It is also noted that
D-enantiomer and L-enantiomer of GL13K formed the same self-assembled nanostructures
under the same experimental conditions,[34] thus we expected that the synthesis of our
hybrid nanocoatings with each of the two enantiomers would not result in differences

in the structure of the coatings. dGL13K has been proven to be more active against
multiple bacteria strains /n vitro[52] and /n vivo[53], including Enterococcus faecalis,

S. gordonii, S. aureus, and P. aeruginosa, and present low cytotoxicity, similar to the

one for the L-enantiomer[53]. After 6 h incubation in the MRSA solutions, compared

to the control eTi group, coatings with a single antimicrobial agent (0.2Ag or dGL/4C)
significantly reduced the bacterial burden by only one order of magnitude (Figure 5a).
When the Ti surfaces were coated with the AgNP-dGL 13K hybrids (0.2Ag-dGL/4C), the
bacteria burden was further reduced by two orders of magnitude. All coatings had less
antimicrobial potency against 2 aeruginosathan MRSA, but the AgNP-dGL13K coating
was still the most significantly potent surface against this Gram-negative strain (Figure 5b).
The different antimicrobial activity against these two bacterial strains might be attributed to
the different dGL13K interactions with bacterial cell envelop components.[54] LIVE/DEAD
assays further demonstrated the enhanced activity of the hybrid AgNP-dGL13K coatings
(Figure 5c and 5d) compared to all other tested groups.

In vivo Subcutaneous Infection Model in Rats

The top performing 0.2Ag-dGL/4C hybrid nanocoating was finally evaluated in a rat
subcutaneous infection model over 4 days with an initial MRSA inoculum of 10’ CFU

per implantation site (Figure 6a). The rats were sacrificed at day 4 and the Ti discs were
retrieved from the surgical site for counting CFU and LIVE/DEAD imaging. A piece

of surrounding tissue was also extracted for histological section to assess peri-implant
inflammation. After 4 days, the noncoated eTi samples retained ~107 CFU bacteria (Figure
6b). The bacterial attachment on the Ti disc was reduced by one order of magnitude with the
single coatings (0.2Ag and dGL/4C) and two orders of magnitude with the hybrid coating of
AgNP-dGL13K (0.2Ag-dGL/4C), which paralleled results from the /n vitro experimentation.
More dead bacteria were observed on the discs with the hybrid coatings compared to those
with single coatings (Figure 6c), which further supported the killing potency of the hybrid
coating. A dense neutrophilic infiltration was observed in the tissues around the noncoated
eTi (Figure 6d, Figure S6). A reduction in the inflammatory cell number was obvious in the
group with the hybrid AgNP-dGL 13K coating. In comparison, the neutrophilic infiltration
was still relatively severe in the groups with single coatings. Fibroblasts were also detected
in the surrounding tissues of the hybrid nanocoatings, which might be indicative of reduced
inflammation (Figure S6). All together, these results support the biocompatibility and /n
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vivo antimicrobial activity of the hybrid AgNP-GL13K nanocoatings when implanted in
rats. This is a notable outcome that might be associated to the synergistic effects of AMPs
and AgNPs and/or their combined bactericidal short- and long-range effects, respectively.
Long-term antimicrobial activity, cytotoxicity, tissue integration, and the antimicrobial agent
solutions and coating stability need to be further evaluated in future experiments.

4. Conclusions

We developed a hybrid nanocoating on Ti composed of self-assembled AMP nanofibrils
decorated with monodispersed AgNPs. The strong hydrophilic interactions between
self-assembled AMP amphiphiles and the polar substrates (e.g., Ti) provided a stable
antimicrobial coating. The hybrid nanocoating was cytocompatible and increased the
antimicrobial efficacy by one and two orders of magnitude compared to single-agent
coatings and controls, respectively. The performance of the hybrid nanocoating was
preserved /in vivo, which supports its potential use to reduce post-surgical infections when
applied on biomedical implants and devices.
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Figure 1. Characterization of antimicrobial inorganic and peptidic nanostructures as well as
their complexes in coating solutions.

(a) A representative TEM micrograph of 1 mg/mL AgNPs in DI water. (b) Volume
distribution of 0.2 mg/mL AgNPs in DI water and in the pH 9.8 borax-NaOH buffer that was
used to prepare the coating solution. (c) Titration of AgNPs zeta potential. Negative-stained
TEM micrographs of GL13K (d) self-assembled nanofibrils at 4 °C or (e) self-assembled
nanofibrils and aggregated nanospheres at RT. TEM micrographs of non-stained AgNP-
GL13K complex at (f) 4 °C or (g) RT. Dark areas in (f, g) are AgNPs decorating GL13K
self-assembled nanofibrils and/or aggregated nanospheres. (h) CD spectra of 1 mg/mL
GL13K and AgNP-GL13K complex at 4 °C and RT. (i) Estimated percentages of antiparallel
and parallel p-sheet secondary structure in GL13K and AgNP-GL13K complex at 4 °C and
RT.
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Figure 2. Physical-chemical surface characterization of the hybrid antimicrobial nanocoatings.
(a) Representative XPS spectra and (b) WCA (average + standard deviation, N=3) and

representative photomicrographs for the 12 tested groups: noncoated eTi and eTi coated
with AgNP (varied concentration; 0.2Ag, 1Ag, and 5Ag), GL13K (varied temperature;
GL/4AC and GL/RT), or hybrid AgNP+GL13K (varied concentration and temperature;
0.2Ag-GL/4C, 1Ag-GL/4AC, 5Ag-GL/AC, 0.2Ag-GL/RT, 1Ag-GL/RT, and 5Ag-GL/RT).
Asterisks indicate statistically significant differences vs. noncoated eTi control surfaces:
* p-value<0.05; ** p-value<0.01; *** p-value<0.001.
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Figure 3. In vitro antimicrobial activity of the hybrid nanocoatings against S. gordonii.
(a) CFU and (b) ATP luminescence intensity normalized to uncoated eTi control of S.

gordoniithat colonized the tested surfaces after 6 h incubation in quasi-static conditions.
Asterisks indicate statistically significant differences vs. uncoated eTi control surfaces: *
p-value<0.05; ** p-value<0.01; *** p-value<0.001; **** p-value<0.0001. Three biological
replicates were performed. (c) Representative CLSM images of LIVE/DEAD stained S.
gordonii biofilms on the tested surfaces after 48 h incubation in a drip-flow bioreactor. Four
representative groups (eTi, 0.2Ag, GL/4C, and 0.2Ag-GL/4C) were tested in independent
channels of our custom-made 4-channel bioreactor. All scale bars are 50 pm.
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Figure 4. In vitro cytocompatibility of the hybrid antimicrobial nanocoatings.
(@) Proliferation of hBMSC (CCK-8 assay) normalized against uncoated eTi control on

tested surfaces after 2 d and 5 d in culture. No statistically significant differences were
found between different groups; p-value<0.05. Two biological replicates were performed
with four samples for each group in each experiment (N=8). (b) Cell morphology visualized
by immunofluorescence (F-actin — red and nuclei — cyan) staining after 5 d in culture. All
scale bars are 50 pm.
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Figure 5. In vitro antimicrobial activity of the hybrid nanocoatings against MRSA and P.
aeruginosa.
(a, b) CFU and (c. d) representative LIVE/DEAD stain CLSM images of (a, c) MRSA

or (b, d) P aeruginosa biofilms grown on the tested surfaces after 6 h incubation in quasi-
static conditions. Asterisks indicate statistically significant differences between connected
groups: * p-value<0.05; ** p-value<0.01; *** p-value<0.001; **** p-value<0.0001. Three
biological replicates with three samples in each experiment for each group were performed
for each bacteria strain (N=9). All scale bars are 100 pm.
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Figure 6. In vivo antimicrobial activity of the hybrid nanocoatings against MRSA.
(a) Schematics of the /n vivo experimental design. At Day 0, eTi control and antimicrobial

coated discs were implanted in open incisions and infected by injection with MRSA. After 4
days, the discs and surrounding tissues were removed for analysis. (b) CFU (N=10 for each
group) and (c) representative LIVE/DEAD stain CLSM images of MRSA that colonized and
were collected from implanted discs. (d) Optical microscopy images of tissues surrounded
the infected discs (H&E stain). Asterisks indicate statistically significant differences vs
uncoated eTi control discs: * p-value<0.05; ** p-value<0.01. All scale bars are 100 um.
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Scheme 1.
Schematics of the syntheses of the AMP/AgNP nanocomposites and the hybrid nanocoatings

on etched Ti.

Acta Biomater. Author manuscript; available in PMC 2023 March 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ye et al.

XPS elemental composition (atomic %, mean + standard deviation, N=3) for noncoated eTi control and

AgNPs and/or GL13K coated surfaces.

Table 1.

Others

(Nais,
Group Cls N1s Ols Ti2p Ag3d Ca2p) N:Ti | Ag:Ti
eTi 10.42+1.43 0.42+0.42 | 60.44+1.37 | 19.94+0.56 | 0.03+0.05 | 8.75+0.42 0.02 0.00
0.2Ag 12.36+0.87 0.49+0.65 | 61.45+2.39 | 16.21+1.08 | 0.42+0.05 | 9.08+1.85 | 0.03 0.03
1Ag 11.81+1.25 0.63+0.48 | 59.97+1.43 | 17.61+0.89 | 0.53+0.33 | 9.45+1.03 0.04 0.03
5Ag 13.97+0.89 0.57+0.58 | 60.08+1.31 | 14.94+0.97 | 2.17+0.64 | 8.28+1.47 | 0.04 0.15
GL/4C 48.56+2.99 | 11.94+1.49 | 28.69+2.17 6.01+1.00 | 0.05+0.04 | 4.76+2.04 1.99 0.01
GL/RT 40.56+2.25 9.28+0.84 | 36.40+1.81 8.30+1.28 | 0.03+0.03 | 5.44+1.26 | 1.12 0.00
0.2Ag-GL/4C | 38.87+1.44 9.11+0.78 | 40.33+1.09 9.10+£0.55 | 0.24+0.13 | 2.35+0.40 1.00 0.03
1Ag-GL/4C 41.58+4.33 9.41+1.37 | 37.18+3.41 8.70£1.56 | 0.29+0.16 | 2.84+0.90 | 1.08 0.03
5Ag-GL/4C 41.27+2.47 | 10.10+0.94 | 38.03+2.11 8.33+1.01 | 0.19+0.08 | 2.08+0.89 121 0.02
0.2Ag-GL/RT | 37.83+2.19 9.44+1.02 | 40.20%£1.92 8.91+0.72 | 0.34+0.30 | 3.28+0.99 | 1.06 0.04
1Ag-GL/RT 41.35+4.14 | 10.15%£1.37 | 37.02+3.28 8.01+1.39 | 0.18+0.15 | 3.29+0.78 1.27 0.02
5Ag-GL/RT 43.23+3.87 | 10.38+1.01 | 36.01+2.50 7.60£1.49 | 0.27+0.13 | 2.51+0.84 | 1.37 0.04
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